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Cbz benzyloxycarbonyl  
conc. concentrated 
conv. conversion 
de diastereomeric excess 
DMA N,N-dimethylacetamide 
DME 1,2-dimethoxyethane 
ee enantiomeric excess 
eq equivalent 
Et ethyl 
EWG electron withdrawing group 
Fmoc 9-fluorenylmethyloxycarbonyl  
G an organic group 
GC gas chromatography 
h hour(s) 
HPLC high performance liquid chromatography 
i iso 
L ligand 
LDA lithium diisopropylamide 










NMR nuclear magnetic resonance 





Py a pyridyl or pyrimidyl group 
R an organic group 
rt room temperature 
t tertiary 
TADDOL 2,2-dimethyl-, , ’, ’-tetraphenyl-1,3-dioxolane-4,5-dimethanol 


























いた反応の開発も徐々に進められ、2000 年の List, Barbas, Larner らによる、プロリンを不斉
触媒として用いた不斉アルドール反応の報告によって大きな注目を集めるようになった[1]。































































































Scheme 1-2. Diastereo- and Enantioselective 1,3-Dipolar Cycloaddition of Nitrones 

























































   
Scheme 1-3. Diastereo- and Enantioselective Hetero-Diels−Alder Reaction of Aldehydes
 
















構造に強く依存している。 例えば、Scheme 1-4(b)の報告では、ジエンの 3 位が無置換の場合
に位置異性体 A を与え、3 位の置換基がメチル基の場合、位置異性体 B を与える。 
 
Scheme 1-4. Regio- and Enantioselective Hetero-Diels−Alder Reaction of Azo Compounds
 

























Scheme 1-5. Chiral Phosphoric Acid-Governed Anti-Diastereoselective and Enantioselective 




 第 3 章では、二つの異なる酸性官能基を導入する新規キラルブレンステッド酸の設計およ
び合成法について述べる。 
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第 2 章 
 
キラルモノリン酸によるジエン類とアルデヒド類との 





























ととした[3]。具体的には、3,3’位にフェニル基を有するキラルリン酸触媒 1a および MS4A 存
在下、1 位が無置換のシロキシジエン 2a、あるいは、1 位にメチル基を有するシロキシジエ















得られた環化体の相対配置は、NOE の解析により決定した (Figure 2-2)。左側に、本反応












キラルリン酸触媒により得られた環化体 4a と、文献既知の化合物 6a あるいは 6b をそれぞれ
アルコール 7 へと変換し、旋光度を比較することで決定することとした。 
 











まず、Mulzer らの手法に基づいて、ヘテロ Diels−Alder 環化体 6a と 6b の合成を行った 
(Scheme 2-1)
[5]。20 mol%の MgBr2存在下、TMS 基を有するシロキシジエンとメンチルグリオ
キシラートとの反応を行い、6a と 6b を 1 : 1 のジアステレオマー混合物として得た。続いて、
酢酸存在下、TBAF で処理し、再結晶により、2 位の絶対配置が S であるケトンを単離した。
次にケトンを NaBH4により還元し、さらに n-BuLi、MeOTf を用いてメチルエーテルとした。
最後に、LiAlH4還元により、目的とするアルコール 7 へと変換した。2 位の絶対配置が S で
あるアルコールの旋光度は、+44.2 度であることがわかった。 
 








続いて、触媒反応により得られたヘテロ Diels−Alder 環化体 4a の誘導化について示す
(Scheme 2-2)。まず、環化体 4a に対し TBAF、酢酸を作用させ、ケトンに変換した。続いて
先程と同様の方法により、目的のアルコール 7 へと誘導し、旋光度の測定を行った。その結
果、旋光度は＋44.4 度となり、Scheme 2-1 に示した対照化合物の旋光度との比較から、ヘテ
ロ Diels−Alder 環化体 4a の 2 位の絶対配置を、S であると決定した。 
 





























・Secondary Orbital Interaction‧‧‧Endo-Rule 
・Steric Factor of Activation Site 






触媒 1a を用いた初期検討の結果を示した (Table 2-2)。まず、本反応における二次軌道相互
作用の寄与について検証を行うため、古典的なルイス酸である BF3·OEt2を用いて反応を行っ
た(entry 3)。反応は、-80 °C でも速やかに進行し、アンチ体とシン体がほぼ 1 : 1 の比で得られ
た。この結果から、本反応は完全にはエンド則に従わず、二次軌道相互作用の寄与が比較的
小さいことがわかった。次に、配位子の立体的な効果について調べるため、光学活性ビナフ
トール由来のトリアリールボレート 8 による反応を行った (entry 4)[6]。その結果、BF3·OEt2
の場合に比べ、シン選択性に若干の向上がみられた。 
 















ビフェニル基 1b の場合、フェニル基 1a の場合と同様、高エナンチオ選択的にアンチ体がほ
ぼ単一のジアステレオマーとして得られた。一方、3,3’位の置換基が 3,5-ジフェニルフェニル
基 1c、2,4,6-トリイソプロピルフェニル基 1d と嵩高くなるにしたがって、予想通りシン選択
性が向上し、また得られたシン体のエナンチオ選択性は低下する結果となった。 





















ルデヒドを活性化しているものと推測し、本反応の遷移状態を考察した (Figure 2-6)[7,8]。 
 



















































シロキシジエンの置換基の適用範囲を調べた(Table 2-3)。反応は、初期検討と同様 5 mol%
のキラルリン酸触媒 1a 及び MS4A 存在下、室温、トルエン溶媒中で行った。 
 entry 1-5 に種々の置換基を有する、一置換型および二置換型シロキシジエンを用いた反応
の結果を示す。いずれの場合も、高収率、高エナンチオ選択的に反応が進行し、アンチ体が













entry 6 で得られたジヒドロピラン 4f を用い、立体選択的な多置換テトラヒドロピランの合





























相対配置の決定は NOE の解析により行った。代表的な例を下に示す (Figure 2-7)。 
 
Figure 2-7. Determination of Relative Stereochemistry 
 
 




絶対配置の決定は、環化体 10a をアルコール 11 へと変換後、文献値と比較することで行っ
た(Scheme 2-4)[9]。 
 












 本章では、キラルリン酸触媒を用いた触媒的不斉ヘテロ Diels−Alder 反応の開発に成功した 
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General.   All reactions were carried out under an atmosphere of standard grade nitrogen gas (oxygen <10 
ppm) in flame-dried glassware with magnetic stirring.  Toluene was used as anhydrous in solvent line system 
KANTO.  Purification of reaction products was carried out by flash column chromatography using silica gel 60 
(spherical, neutral, 100-210 μm; KANTO).  Analytical thin layer chromatography (TLC) was performed on E. 
Merck precoated (0.25 mm) silica gel 60-F254 plates. Visualization was accomplished with UV light and 
phosphomolybdic acid solution in ethanol by heating.   
Infrared (IR) spectra were recorded on a Shimazu FTIR-8600PC spectrometer.  
1
H NMR spectra were 
recorded on a JEOL JNM-A-500 (500 MHz) spectrometer and Bruker Avance-600 (600 MHz) spectrometer at 
ambient temperature.  NMR solvents were purchased from ACROS (CDCl3), CIL, Inc. (C6D6), and used as 
received. Data are reported as follows: chemical shifts are reported in ppm from tetramethylsilane on the δ scale, 
with solvent resonance employed as internal standard (CDCl3 7.26 ppm, C6D6 7.16 ppm), multiplicity (b = broad, 
s = singlet, d = doublet, t = triplet, q = quartet, and m = multiplet), integration, coupling constant (Hz) and 
assignment.  
13
C NMR were recorded on a JEOL JNM-A-500 (125.7 MHz) spectrometer and Bruker 
Avance-600 (150.9 MHz) spectrometer at ambient temperature.  Chemical shifts are reported in ppm from 
tetramethylsilane on the δ scale, with solvent resonance employed as internal standard (CDCl3 77.0 ppm, C6D6 
128.0 ppm).  High-performance liquid chromatography (HPLC) was performed on a Jasco equipped with a 
variable wavelength detector using a Chiralpak AD-3 or Chiralcel OD-H column (0.46 cm x 25 cm) from Daicel.  
Gas chromatography (GC) was performed on Shimadzu GC-14B using a CP-Chirasil-Dex CB column (0.25 mm 
x 25 m).  Optical rotations were measured on a Jasco P-1020 digital polarimeter with a sodium lamp and 
reported as follows; [α]D
T °C
 (c = g/100 mL, solvent).  Mass spectra were obtained on Bruker Daltonics APEX 
III FT-ICR-MS spectrometer and HITACHI M-2500 spectrometer in Instrumental Analysis Center for Chemistry, 














1. Preparation of dienes.
  





Purification by silica gel column chromatography with elution by hexane provided as colorless oil.  




H NMR (CDCl3, 600 MHz) δ 
1.72 (d, 3H, J = 7.2 Hz, CH3, (1E,3Z)), 1.79 (d, 3H, J = 7.2 Hz, CH3, (1E,3E)); TLC Rf = 0.29 (hexane); IR 




H NMR (CDCl3, 600 MHz) δ 
7.38 (d, 2H, J = 7.8 Hz, Ar-H), 7.31 (t, 2H, J = 7.8 Hz, Ar-H), 7.21 (t, 1H, J = 7.8 Hz, Ar-H), 6.65 (d, 1H, J = 
15.6 Hz, CH), 6.56 (d, 1H, J = 15.6 Hz, CH), 5.01 (q, 1H, J = 7.2 Hz, CH), 1.72 (d, 3H, J = 7.2 Hz, CH3), 1.07 (s, 
9H), 0.17 (s, 6H); 
13
C NMR (CDCl3, 125.7 MHz) δ 149.4, 137.3, 128.6 (2C), 127.5, 127.1, 126.6, 126.3 (2C), 







Purification by silica gel column chromatography with elution by hexane provided as colorless oil.  




H NMR (CDCl3, 500 MHz,) δ 6.65 (d, 
1H, J = 16.0 Hz, CH, (1E,3Z)), 6.93 (d, 1H, J = 15.5 Hz, CH, (1E,3E)); TLC Rf = 0.44 (hexane); IR (ATR) 2956, 




H NMR (CDCl3, 500 MHz) δ 7.37 (d, 2H, J = 7.5 Hz, 
Ar-H), 7.30 (t, 2H, J = 7.5 Hz, Ar-H), 7.20 (t, 1H, J = 7.5 Hz, Ar-H), 6.65 (d, 1H, J = 16.0 Hz, CH), 6.56 (d, 1H, 
J = 16.0 Hz, CH), 4.94 (t, 1H, J = 7.5 Hz, CH), 2.14 (q, 2H, J = 7.5 Hz, CH2), 1.38-1.44 (m, 2H, CH2), 1.05 (s, 
9H), 0.94 (t, 3H, J = 7.0 Hz, CH3), 0.16 (s, 6H); 
13
C NMR (CDCl3, 125.7 MHz) δ 148.7, 137.5, 128.8 (2C), 
127.9, 127.4, 127.1, 126.6 (2C), 117.3, 28.7, 26.3 (3C), 23.1, 18.8, 14.2, -3.4 (2C); Anal. HRMS (EI) Exact Mass 
Calcd for C19H30OSi (M
+







Purification by silica gel column chromatography with elution by hexane provided as colorless oil.  




H NMR (CDCl3, 
500 MHz) δ 1.65 (d, 3H, J = 7.0 Hz, CH3, (2Z,4E,6E)), 1.68 (d, 3H, J = 7.5 Hz, CH3, (2E,4E,6E)); TLC Rf = 0.47 




H NMR (CDCl3, 500 
MHz) δ 6.26 (dd, 1H, J = 15.0, 9.5 Hz, CH), 6.03-6.08 (m, 1H, CH), 5.89 (d, 1H, J = 15.0 Hz, CH), 5.65-5.72 (m, 
1H, CH), 4.83 (q, 1H, J = 7.0 Hz, CH), 1.77 (d, 3H, J = 7.0 Hz, CH3), 1.65 (d, 3H, J = 7.0 Hz, CH3), 1.02 (s, 9H), 
0.11 (s, 6H); 
13
C NMR (CDCl3, 125.7 MHz) δ 149.4, 131.3, 129.3, 128.4, 127.5, 109.4, 26.0 (3C), 18.45, 18.27, 
12.0, -3.7 (2C); Anal. HRMS (EI) Exact Mass Calcd for C14H26OSi (M
+





Purification by silica gel column chromatography with elution by hexane provided as white solid.  (1Z)/(1E) 




H NMR (CDCl3, 500 MHz) δ 1.72 (d, 3H, J = 7.0 Hz, 
CH3, (1Z)), 1.80 (d, 3H, J = 7.0 Hz, CH3, (1E)); TLC Rf = 0.28 (hexane); IR (ATR) 2953, 2929, 2857, 1631, 




H NMR (CDCl3, 500 MHz) δ  7.05-7.16 (m, 4H, Ar-H), 6.68 
(s, 1H, CH), 5.17 (q, 1H, J = 7.0 Hz, CH), 2.83 (t, 2H, J = 8.0 Hz, CH2), 2.44 (t, 2H, J = 8.0 Hz, CH2), 1.72 (d, 
3H, J = 7.0 Hz, CH3), 1.05 (s, 9H), 0.14 (s, 6H); 
13
C NMR (CDCl3, 125.7 MHz) δ 150.1, 136.2, 135.2, 134.6, 
127.0, 126.6, 126.50, 126.46, 122.6, 105.9, 28.2, 26.1 (3C), 24.4, 18.6, 12.0, -3.67 (2C); Anal. HRMS (EI) Exact 
Mass Calcd for C19H28OSi (M
+




Purification by silica gel column chromatography with elution by hexane provided as colorless oil.  E/Z ratio 




H NMR (CDCl3, 600 MHz) δ 3.51 (s, 3H, OCH3, (E)), 3.58 (s, 3H, 
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H NMR (CDCl3, 600 MHz) δ 6.33 (d, 1H, J = 12.6 Hz, CH), 5.64-5.68 (m, 1H, CH), 4.74 (dd, 1H, J = 
12.6, 8.4 Hz, CH), 3.51 (s, 3H, OCH3), 2.15-2.21 (m, 1H, CH2), 2.05-2.11 (m, 3H, CH2), 1.69-1.84 (m, 2H, CH2), 
1.34-1.42 (m, 1H, CH2), 1.25-1.31 (m, 1H, CH2); 
13
C NMR (CDCl3, 150.9 MHz) δ 146.2, 126.9, 126.3, 108.6, 
55.9, 32.92, 32.89, 30.1, 25.0; Anal. HRMS (EI) Exact Mass Calcd for C9H14O (M
+
) 138.1045. Found: 138.1040. 
2. Chiral Phosphoric Acid Catalyzed Hetero Diels−Alder Reaction 
 




To a test tube equipped with a magnetic stir bar and phosphoric acid (R)-1a (5 mol%, 5.0 mg, 0.01 mmol) and 
MS4A (100 mg) and the atmosphere was replaced with N2. They were dissolved into toluene (2.0 mL) and ethyl 
glyoxylate 3 (19.8 μL, 0.2 mmol) was added and stirred at room temperature for 10 min.  And then diene 2a 
(59.5 mg, 0.3 mmol) was added at room temperature and stirred at this temperature for 24 h.  The reaction 
mixture was quenched by saturated NaHCO3 solution (10 mL) and the aqueous layer was extracted with CH2Cl2 
(20 mLx3).  The combined organic extracts were washed with brine, dried over Na2SO4 and concentrated under 
reduced pressure after filtration.  The residual crude product was chromatographed on silica gel using a mixture 
of ethyl acetate and hexane as the eluant to give the product 4a.  
 
 
(2S,6R)-ethyl 4-t-buthyldimethylsiloxy-3,6-dihydro-6-methyl-2H-pyran-2-carboxylate (4a)   
Purification by silica gel column chromatography with elution by hexane:ethyl acetate (10:1) provided as 
colorless oil. TLC Rf = 0.59 (4:1 hexane:ethyl acetate); [α]D
24
-32.4° (c = 1.0, CHCl3); IR (ATR) 2957, 2930, 




H NMR (CDCl3, 600 
MHz) δ 4.79 -4.80 (s, 1H, CH), 4.61-4.66 (m, 1H, CH), 4.47 (t, 1H, J = 6.0 Hz, CH), 4.19-4.28 (m, 2H, OCH2), 
2.37 (m, 2H, CH2), 1.30 (t, 3H, J = 7.2 Hz, CH3), 1.25 (d, 3H, J = 6.6 Hz, CH3), 0.92 (s, 9H), 0.15 (s, 3H), 0.14 
(s, 3H); 
13
C NMR (CDCl3, 150.9 MHz) δ 171.5, 146.3, 107.2, 69.3, 69.0, 61.1, 31.8, 25.6 (3C), 21.4, 18.0, 14.2, 
-4.4, -4.5; Anal. HRMS (ESI) Exact Mass Calcd for C15H28NaO4Si (M+Na)
+
: 323.1649. Found: 323.1650. 
Enantiomeric excess was determined by GC analysis of the corresponding ketone 6. The relative stereochemistry 








2-2. Transformation of Hetero Diels-Alder product to ketone.  
 
 
To the solution of 4a (98% ee, 30 mg, 0.1 mmol) in THF (1.0 mL) was added AcOH (11.5 μL, 0.2 mmol) and 
TBAF (1M THF solution, 0.15 mL, 0.15 mmol) at room temperature.  The resulting mixture was stirred at this 
temperature for 30 min.  The reaction mixture was quenched by NEt3, then dilluted with saturated NaHCO3 
solution (10 mL) and the aqueous layer was extracted with Et2O (20 mLx3).  The combined organic extracts 
were washed with brine, dried over Na2SO4 and concentrated under reduced pressure after filtration.  The 
residual crude product was chromatographed on silica gel to give corresponding ketone S1 (71% yield).   
 
 
(2S,3R,6R)-ethyl tetrahydro-3,6-dimethyl-4-oxo-2H-pyran-2-carboxylate (S1)  
Purification by silica gel column chromatography with elution by hexane:ethyl acetate (4:1) provided as 
colorless oil.  TLC Rf = 0.25 (4:1 hexane:ethyl acetate); [α]D
23
+12.9° (c = 1.0, CHCl3); IR (ATR) 2979, 1730, 




H NMR (CDCl3, 500 MHz) δ 4.75 (dd, 1H, J = 6.6, 4.2 Hz, CH), 
4.29-4.35 (m, 1H, CH), 4.20-4.25 (m, 2H, OCH2), 2.68-2.76 (m, 2H, CH2), 2.48-2.52 (ddd, 1H, J = 14.7, 3.6, 1.2 
Hz, CH2), 2.26-2.30 (dd, 1H, J = 14.7, 9.6 Hz, CH2), 1.33 (d, 3H, J = 6.6 Hz, CH3), 1.29 (t, 3H, J = 7.2 Hz, 
CH3); 
13
C NMR (CDCl3, 150.9 MHz) δ 204.6, 170.5, 72.5, 70.2, 61.1, 48.4, 42.1, 21.3, 14.1; Anal. HRMS (ESI) 
Exact Mass Calcd for C9H14NaO4 (M+Na)
+
: 209.0784. Found: 209.0783. Enantiomeric excess was determined 
by GC analysis with a CP-Chirasil-Dex CB column (90 °C (7 min), 5 °C/min, 160 °C), major enantiomer tr = 





(2S,3R,6R)-ethyl 4-t-buthyldimethylsiloxy-3,6-dihydro-3,6-dimethyl-2H-pyran-2-carboxylate (4b) 
Purification by silica gel column chromatography with elution by hexane:ethyl acetate (10:1) provided as 
colorless oil.  TLC Rf = 0.65 (4:1 hexane:ethyl acetate); [α]D
24
+30.2° (c = 1.0, CHCl3); IR (ATR) 2958, 2930, 




H NMR (CDCl3, 600 MHz) δ 4.67 (s, 
1H, CH), 4.60-4.69 (m, 1H, CH), 4.16-4.27 (m, 2H, OCH2), 4.17 (d, 1H, J = 3.0 Hz, CH), 2.49-2.54 (m, 1H, 
CH), 1.29 (t, 3H, J = 6.0 Hz, CH3), 1.25 (d, 3H, J = 5.5 Hz, CH3), 1.23 (d, 3H, J = 6.0 Hz, CH3), 0.93 (s, 9H), 
0.14 (s, 3H), 0.13 (s, 3H); 
13
C NMR (CDCl3, 150.9 MHz) δ 171.5, 150.3, 105.9, 77.0, 67.8, 61.0, 35.9, 25.6 (3C), 
22.3, 18.0, 17.0, 14.2, -4.51, -4.52; Anal. HRMS (ESI) Exact Mass Calcd for C16H30NaO4Si (M+Na)
+
: 337.1806. 
Found: 337.1804. Enantiomeric excess was determined by GC analysis of the corresponding ketone with a 
CP-Chirasil-Dex CB column (90 °C (10 min), 1 °C/min, 160 °C), major enantiomer tr = 66.1 min, minor 
enantiomer tr = 67.5 min. The relative stereochemistry was assumed by analogy. 
 
 
(2S,3S,6S)-ethyl 4-t-buthyldimethylsiloxy-3,6-dihydro -3,6-dimethyl-2H-pyran-2-carboxylate (5b) 
Purification by silica gel column chromatography with elution by hexane:ethyl acetate (10:1) provided as 
colorless oil.  TLC Rf = 0.52 (4:1 hexane:ethyl acetate); [α]D
22
-15.0° (c = 1.0, CHCl3); IR (ATR) 2957, 2931, 




H NMR (CDCl3, 600 MHz) δ 4.65 (d, 
1H, J = 1.2 Hz, CH), 4.25-4.31 (m, 4H, CH, CH, OCH2), 2.33-2.36 (m, 1H, CH), 1.30 (t, 3H, J = 7.2 Hz, CH3), 
1.29 (d, 3H, J = 7.2 Hz, CH3), 1.04 (d, 3H, J = 7.2 Hz, CH3), 0.94 (s, 9H), 0.18 (s, 3H), 0.16 (s, 3H); (C6D6, 600 
MHz) δ 4.60 (d, 1H, J = 0.6 Hz, CH), 4.23 (d, 1H, J = 3.6 Hz, CH), 4.09-4.12 (m, 1H, CH), 3.99 (q, 2H, J = 7.2 
Hz, OCH2), 2.52-2.56 (m, 1H, CH), 1.30 (d, 3H, J = 6.6 Hz, CH3), 1.21 (d, 3H, J = 6.0 Hz, CH3), 0.95 (s, 9H), 
0.94 (d, 3H, J = 7.2 Hz, CH3), 0.103 (s, 3H), 0.096 (s, 3H); 
13
C NMR (CDCl3, 150.9 MHz) δ 170.3, 152.3, 105.8, 
76.7, 70.9, 60.9, 36.5, 25.6 (3C), 22.2, 18.1, 14.3, 13.2, -4.2, -4.9; 
13
C NMR (C6D6, 150.9 MHz) δ 169.9, 153.2, 
106.6, 77.4, 71.3, 60.6, 37.5, 26.1 (3C), 22.8, 18.5, 14.6, 13.9, -3.9, -4.5; Anal. HRMS (ESI) Exact Mass Calcd 
for C16H30NaO4Si (M+Na)
+
: 337.1806. Found: 337.1804. Enantiomeric excess was determined by GC analysis of 
the corresponding ketone with a CP-Chirasil-Dex CB column (90 °C (10 min), 1 °C/min, 160 °C), major 









Purification by silica gel column chromatography with elution by hexane:ethyl acetate (10:1) provided as 
colorless oil.  TLC Rf = 0.65 (4:1 hexane:ethyl acetate); [α]D
25
+19.5° (c = 1.0, MeOH); IR (ATR) 2956, 2930, 




H NMR (CDCl3, 600 MHz) δ 
7.40-7.42 (m, 2H, Ar-H), 7.34-7.37 (m, 2H, Ar-H), 7.29-7.31 (m, 1H, Ar-H), 5.58-5.59 (m, 1H, CH), 4.86 (d, 1H, 
J = 2.4 Hz, CH), 4.19-4.28 (m, 2H, OCH2), 4.14 (d, 1H, J = 4.2 Hz, CH), 2.59-2.63 (m, 1H, CH), 1.31 (t, 3H, J = 
7.2 Hz, CH3), 1.30 (d, 3H, J = 7.2 Hz, CH3), 0.94 (s, 9H), 0.16 (s, 6H); 
13
C NMR (CDCl3, 150.9 MHz) δ 171.3, 
151.2, 141.4, 128.4 (2C), 128.0, 127.9 (2C), 103.3, 76.8, 74.1, 61.0, 36.0, 25.6 (3C), 18.1, 16.5, 14.2, -4.45, 
-4.47; Anal. HRMS (ESI) Exact Mass Calcd for C21H32NaO4Si (M+Na)
+
: 399.1962. Found: 399.1962. 
Enantiomeric excess was determined by HPLC analysis of the corresponding ketone with a Chiralcel OD-H 
column (98:2 hexane:ethanol), 0.5 mL/min; major enantiomer tr = 34.1 min, minor enantiomer tr = 39.9 min. The 





Purification by silica gel column chromatography with elution by hexane:ethyl acetate (10:1) provided as 
colorless oil.  TLC Rf = 0.67 (4:1 hexane:ethyl acetate); [α]D
27
-35.7° (c = 0.2, CHCl3); IR (ATR) 2957, 2931, 




H NMR (CDCl3, 500 MHz) δ 
5.72 (dq, 1H, J = 15.0, 6.5 Hz, CH), 5.49 (dd, 1H, J = 15.0, 6.5 Hz, CH), 4.90 (dd, 1H, J = 6.5, 2.5 Hz, CH), 
4.68 (d, 1H, J = 2.5 Hz, CH), 4.18-4.27 (m, 2H, OCH2), 4.11 (d, 1H, J = 5.5 Hz, CH), 2.48-2.52 (m, 1H, CH), 
1.72 (d, 3H, J = 6.5 Hz, CH3), 1.30 (t, 3H, J = 7.0 Hz, CH3), 1.19 (d, 3H, J = 6.5 Hz, CH3), 0.93 (s, 9H), 0.15 (s, 
3H), 0.14 (s, 3H); 
13
C NMR (CDCl3, 150.9 MHz) δ 171.4, 150.8, 131.1, 129.4, 103.2, 76.3, 72.8, 61.0, 36.1, 25.6 
(3C), 18.0, 17.7, 15.9, 14.2, -4.46, -4.58; Anal. HRMS (ESI) Exact Mass Calcd for C18H32NaO4Si (M+Na)
+
: 
363.1962. Found: 363.1960. Enantiomeric excess was determined by HPLC analysis of the corresponding 
ketone with a Chiralpak AD-3 column (98:2 hexane:2-propanol), 0.5 mL/min; major enantiomer tr = 40.5 min, 




(2S,3R,6R)-ethyl 4-t-buthyldimethylsiloxy-3,6-dihydro-6-phenyl-3-propyl-2H-pyran-2-carboxylate (4e) 
Purification by silica gel column chromatography with elution by hexane:ethyl acetate (10:1) provided as 
colorless oil.  TLC Rf = 0.53 (4:1 hexane:ethyl acetate); [α]D
26
+14.5° (c = 1.0, CHCl3); IR (ATR) 2956, 2930, 




H NMR (CDCl3, 600 MHz) δ 
7.39-7.40 (m, 2H, Ar-H), 7.34-7.36 (m, 2H, Ar-H), 7.28-7.31 (m, 1H, Ar-H), 5.62-5.63 (m, 1H, CH), 4.80 (d, 1H, 
J = 2.4 Hz, CH), 4.42 (d, 1H, J = 2.4 Hz, CH), 4.19-4.29 (m, 2H, OCH2), 2.47-2.50 (m, 1H, CH), 1.72-1.76 (m, 
2H, CH2), 1.47-1.55 (m, 1H, CH), 1.38-1.47 (m, 1H, CH), 1.31 (t, 3H, J = 6.6 Hz, CH3), 1.00 (t, 3H, J = 7.2 Hz, 
CH3), 0.92 (s, 9H), 0.14 (s, 3H), 0.13 (s, 3H); 
13
C NMR (CDCl3, 150.9 MHz) δ 171.8, 150.1, 141.7, 128.4 (2C), 
128.0, 127.7 (2C), 104.2, 74.9, 73.9, 61.0, 40.8, 33.6, 25.6 (3C), 20.4, 18.0, 14.3, 14.1, -4.46, -4.51; Anal. HRMS 
(ESI) Exact Mass Calcd for C23H36NaO4Si (M+Na)
+
: 427.2275. Found: 427.2274. Enantiomeric excess was 
determined by HPLC analysis of the corresponding ketone with a Chiralcel OD-H column (98:2 hexane:ethanol), 
0.5 mL/min; major enantiomer tr = 29.5 min, minor enantiomer tr = 25.2 min. The relative stereochemistry was 





Purification by silica gel column chromatography with elution by hexane:ethyl acetate (30:1) provided as 
colorless oil.  TLC Rf = 0.63 (4:1 hexane:ethyl acetate); [α]D
22
+110.6° (c = 0.5, CHCl3); IR (ATR) 2956, 2929, 




H NMR (CDCl3, 600 MHz) δ 7.59 (d, 1H, J = 7.2 Hz, 
Ar-H), 7.23 (t, 1H, J = 7.2 Hz, Ar-H), 7.17 (t, 1H, J = 7.2 Hz, Ar-H), 7.09 (d, 1H, J = 7.2 Hz, Ar-H), 5.54 (s, 1H, 
CH), 4.20-4.33 (m, 2H, OCH2), 4.28 (d, 1H, J = 3.0 Hz, CH), 2.79-2.84 (m, 1H, CH2), 2.69-2.76 (m, 2H, CH2), 
2.65-2.67 (m, 1H, CH), 2.17-2.22 (m, 1H, CH2), 1.32 (t, 3H, J = 7.2 Hz, CH3), 1.17 (d, 3H, J = 6.6 Hz, CH3), 
0.96 (s, 9H), 0.17 (s, 3H), 0.14 (s, 3H); 
13
C NMR (CDCl3, 150.9 MHz) δ 171.5, 142.9, 138.5, 137.0, 127.6, 126.6, 
126.2, 124.3, 113.0, 77.6, 71.0, 61.1, 35.4, 28.6, 25.7 (3C), 22.7, 18.2, 17.1, 14.3, -3.84, -4.32; Anal. HRMS 
(ESI) Exact Mass Calcd for C23H34NaO4Si (M+Na)
+
: 425.2119. Found: 425.2119. Enantiomeric excess was 
determined by HPLC analysis of the corresponding ketone 7 with a Chiralpak AD-3 column (98:2 
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Purification by silica gel column chromatography with elution by hexane:ethyl acetate (10:1) provided as 
colorless oil.  TLC Rf = 0.32 (4:1 hexane:ethyl acetate); [α]D
27
-91.9° (c = 0.6, CHCl3); IR (ATR) 2983, 2936, 




H NMR (CDCl3, 500 
MHz) δ 6.00-6.04 (m, 1H, CH), 5.76-5.78 (m, 1H, CH), 5.00 (s, 1H, CH), 4.50 (dd, 1H, J = 9.8, 5.8 Hz, CH), 
4.26 (q, 2H, J = 7.0 Hz, OCH2), 3.47 (s, 3H, OCH3), 2.28-3.32 (m, 2H, CH2), 1.30 (t, 3H, J = 7.0 Hz, CH3); 
13
C 
NMR (CDCl3, 125.7 MHz) δ 171.3, 127.7, 125.5, 96.0, 65.9, 61.2, 55.7, 27.6, 14.3; Anal. HRMS (ESI) Exact 
Mass Calcd for C9H14NaO4 (M+Na)
+
: 209.0784. Found: 209.0783. Enantiomeric excess was determined by GC 
analysis with a CP-Chirasil-Dex CB column (90 °C (10 min), 5 °C/min, 150 °C), major enantiomer tr = 31.2 min, 
minor enantiomer tr = 32.1 min. 
 
 
(2S,3S,6S)-ethyl 3,6-dihydro-6-methoxy-3-methyl-2H-pyran-2-carboxylate (10b) 
Purification by silica gel column chromatography with elution by hexane:ethyl acetate (10:1) provided as 
colorless oil.  TLC Rf = 0.41 (4:1 hexane:ethyl acetate); [α]D
25
+41.2° (c = 1.0, CHCl3); IR (ATR) 2964, 2934, 




H NMR (CDCl3, 600 MHz) δ 5.79-5.80 (m, 1H, 
CH), 5.71-5.74 (m, 1H, CH), 4.95 (m, 1H, CH), 4.28 (q, 2H, J = 6.0 Hz, OCH2), 4.05 (d, 1H, J = 10.2 Hz, CH), 
3.45 (s, 3H, OCH3), 2.52-2.57 (m, 1H, CH), 1.33 (t, 3H, J = 6.0 Hz, CH3), 1.05 (d, 3H, J = 7.2 Hz, CH3); 
13
C 
NMR (CDCl3, 150.9 MHz) δ 170.7, 134.5, 124.0, 95.3, 72.8, 61.2, 55.7, 31.9, 16.2, 14.2; Anal. HRMS (ESI) 
Exact Mass Calcd for C10H16NaO4 (M+Na)
+
: 223.0941. Found: 223.0940. Enantiomeric excess was determined 
by GC analysis with a CP-Chirasil-Dex CB column (90 °C (10 min), 5 °C/min, 160 °C), major enantiomer tr = 
27.4 min, minor enantiomer tr = 27.9 min. The relative stereochemistry was assumed by analogy. 
 
 
(2S,3S,6S)-ethyl 3,6-dihydro-6-methoxy-3,5-dimethyl-2H-pyran-2-carboxylate (10c) 
Purification by silica gel column chromatography with elution by hexane:ethyl acetate (10:1) provided as 
colorless oil.  TLC Rf = 0.50 (4:1 hexane:ethyl acetate); [α]D
24
+29.4° (c = 1.0, CHCl3); IR (ATR) 2965, 2933, 
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H NMR (CDCl3, 600 MHz) δ 5.42 (s, 1H, CH), 
4.73 (s, 1H, CH), 4.27 (q, 2H, J = 7.2 Hz, OCH2), 3.99 (d, 1H, J = 10.8 Hz, CH), 3.46 (s, 3H, OCH3), 2.48-2.53 
(m, 1H, CH), 1.71 (s, 3H, CH3), 1.32 (t, 3H, J = 7.2 Hz, CH3), 1.01 (d, 3H, J = 7.2 Hz, CH3); 
13
C NMR (CDCl3, 
150.9 MHz) δ 170.9, 131.3, 128.6, 98.5, 72.8, 61.1, 55.9, 32.3, 18.7, 16.6, 14.2; Anal. HRMS (ESI) Exact Mass 
Calcd for C11H18NaO4 (M+Na)
+
: 237.1097. Found: 237.1097. Enantiomeric excess was determined by GC 
analysis with a CP-Chirasil-Dex CB column (100 °C (5 min), 1 °C/min, 150 °C), major enantiomer tr = 46.2 min, 
minor enantiomer tr = 47.0 min. The relative stereochemistry was assumed by analogy. 
 
 
(1S,3S,8aS)-ethyl 3,5,6,7,8,8a-hexahydro-3-methoxy-1H-isochromene-1-carboxylate (10d)  
Purification by silica gel column chromatography with elution by hexane:ethyl acetate (10:1) provided as 
colorless oil.  TLC Rf = 0.44 (4:1 hexane:ethyl acetate); [α]D
24
-20.0° (c = 1.0, CHCl3); IR (ATR) 2930, 2858, 




H NMR (CDCl3, 600 MHz) δ 5.48-5.49 (m, 1H, 
CH), 4.92-4.93 (m, 1H, CH), 4.27 (q, 2H, J = 7.2 Hz, OCH2), 4.13 (d, 1H, J = 10.2 Hz, CH), 3.43 (s, 3H, OCH3), 
2.32-2.36 (m, 1H, CH), 2.30-2.32 (m, 1H, CH2), 1.99-2.01 (m, 1H, CH2), 1.94-1.97 (m, 1H, CH2), 1.78-1.80 (m, 
2H, CH2), 1.25-1.39 (m, 2H, CH2), 1.32 (t, 3H, J = 7.2 Hz, CH3), 1.00-1.07 (m, 1H, CH2); 
13
C NMR (CDCl3, 
150.9 MHz) δ 171.0, 142.3, 117.3, 96.0, 72.4, 61.2, 55.5, 38.4, 33.8, 29.4, 26.4, 24.8, 14.2; Anal. HRMS (ESI) 
Exact Mass Calcd for C13H20NaO4 (M+Na)
+
: 263.1254. Found: 263.1253. Enantiomeric excess was determined 
by GC analysis with a CP-Chirasil-Dex CB column (120 °C (5 min), 2 °C/min, 180 °C), major enantiomer tr = 






3. Determination of absolute configuration. 
 
3-1. Absolute configuration of hetero Diels−Alder product of siloxydiene and ethyl glyoxylate.  
 
Authentic synthesis of stereochemically known alcohol (7) (See reference [4]) 





Purification by silica gel column chromatography with elution by hexane:ethyl acetate (2:1) provided as 
colorless oil.  TLC Rf = 0.14 (2:1 hexane:ethyl acetate); [α]D
24
+44.2° (c = 0.91, CHCl3); IR (ATR) 3434, 2934, 




H NMR (CDCl3, 500 MHz) δ 4.10-4.14 (m, 1H, CH), 
3.80-3.86 (m, 1H, CH), 3.78-3.81 (m, 1H, CH2), 3.45-3.50 (m, 2H, CH, CH2), 3.33 (s, 3H, OCH3), 1.95-1.98 (m, 
2H, CH2, OH), 1.79-1.84 (m, 1H, CH2), 1.60-1.66 (m, 1H, CH2), 1.29-1.34 (m, 1H, CH2), 1.27 (d, 3H, J = 6.5 Hz, 
CH3); 
13
C NMR (CDCl3, 125.7 MHz) δ 73.1, 71.5, 65.8, 62.6, 55.5, 37.5, 31.4, 21.4; Anal. HRMS (ESI) Exact 
Mass Calcd for C8H16NaO3 (M+Na)
+
: 183.0992. Found: 183.0991.  
 
 
Transformation of optically active hetero Diels−Alder product (4a) to stereochemically known alcohol (7)   






To the solution of 4a (1802.8 mg, 6.0 mmol) in THF (6.0 mL) was added AcOH (685 μL, 12.0 mmol) and 
TBAF (1 M THF solution, 9.0 mL, 9.0 mmol) at 0 °C.  The resulting mixture was stirred at this temperature for 
2 h.  The reaction mixture was quenched by NEt3, then dilluted with saturated NaHCO3 solution (10 mL) and 
the aqueous layer was extracted with Et2O (20 mLx3).  The combined organic extracts were washed with brine, 
dried over Na2SO4 and concentrated under reduced pressure after filtration.  The residual crude product was 
chromatographed on silica gel to give ketone S1 (93% yield).  
 
The obtained ketone S1 (98% ee, 1016.7 mg, 5.46 mmol) was dissolved in MeOH (27.3 mL) and NaBH4 
(826.0 mg, 21.84 mmol) was added at 0 °C.  The resulting mixture was stirred at this temperature for 2 h.  The 
reaction mixture was dilluted with H2O (10 mL) and the aqueous layer was extracted with CH2Cl2 (20 mLx5).  
The combined organic extracts were washed with brine, dried over Na2SO4 and concentrated under reduced 
pressure after filtration.  The residual crude product was chromatographed on silica gel to give alcohol S2 (67% 
yield).  
1
H NMR (CDCl3, 500 MHz) δ 4.57 (dd, 1H, J = 6.5, 2.0 Hz, CH), 4.17-4.27 (m, 2H, OCH2), 3.78-3.84 
(m, 1H, CH), 2.39-3.43 (m, 1H, CH2), 1.91-1.95 (m, 1H, CH2), 1.64-1.70 (ddd, 1H, J = 12.5, 11.5, 6.0 Hz, CH2), 
1.30 (t, 3H, J = 7.0 Hz, CH3), 1.25 (d, 3H, J = 6.0 Hz, CH3), 1.19-1.22 (m, 1H, CH2). 
 
The obtained alcohol S2 (595.0 mg, 3.16 mmol) was dissolved in Et2O (16.0 mL) and n-BuLi (1.59M hexane 
solution, 2.19 mL, 3.48 mmol) was added at -78 °C.  The resulting mixture was stirred at this temperature for 
30 min, and then MeOTf (788 μL, 6.95 mmol) was added.  The resulting mixture was warmed to 0 °C and 
stirred at for 4 h.  Then the reaction mixture was dilluted with H2O (10 mL) and the aqueous layer was 
extracted with CH2Cl2 (20 mLx5).  The combined organic extracts were washed with brine, dried over Na2SO4 
and concentrated under reduced pressure after filtration.  The residual crude product was chromatographed on 
silica gel to give methyl ether S3 (35% yield).  
1
H NMR (CDCl3, 500 MHz) δ 4.58 (dd, 1H, J = 6.5, 1.5 Hz, 
CH), 4.21-4.25 (m, 2H, OCH2), 3.89-3.93 (m, 1H, CH), 3.32-3.37 (m, 1H, CH), 3.35 (s, 3H, OCH3), 2.44-2.48 
(m, 1H, CH2), 1.97-2.01 (m, 1H, CH2), 1.62 (ddd, 1H, J = 13.0, 11.5, 6.5 Hz, CH2), 1.30 (t, 3H, J = 7.0 Hz, CH3), 
1.25 (d, 3H, J = 6.0 Hz, CH3), 1.14-1.21 (m, 1H, CH2). 
 
The obtained methyl ether S3 (222.5 mg, 1.1 mmol) was dissolved in Et2O (2.2 mL) and LiAlH4 (46.3 mg, 
1.22 mmol) was added at 0 °C.  The resulting mixture was stirred at this temperature for 3 h.  The reaction 
mixture was dilluted with H2O (10 mL) and the aqueous layer was extracted with Et2O (20 mLx3).  The 
combined organic extracts were washed with brine, dried over Na2SO4 and concentrated under reduced pressure 





Purification by silica gel column chromatography with elution by hexane:ethyl acetate (2:1) provided as 
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colorless oil.  TLC Rf = 0.14 (2:1 hexane:ethyl acetate); [α]D
24
+44.4° (c = 0.92, CHCl3); IR (ATR) 3434, 2934, 




H NMR (CDCl3, 500 MHz) δ 4.10-4.14 (m, 1H, CH), 
3.80-3.86 (m, 1H, CH), 3.78-3.81 (m, 1H, CH2), 3.45-3.50 (m, 2H, CH, CH2), 3.33 (s, 3H, OCH3), 1.95-1.98 (m, 
2H, CH2, OH), 1.79-1.84 (m, 1H, CH2), 1.60-1.66 (m, 1H, CH2), 1.29-1.34 (m, 1H, CH2), 1.27 (d, 3H, J = 6.5 Hz, 
CH3); 
13
C NMR (CDCl3, 125.7 MHz) δ 73.1, 71.5, 65.8, 62.6, 55.5, 37.5, 31.4, 21.4; Anal. HRMS (ESI) Exact 
Mass Calcd for C8H16NaO3 (M+Na)
+
: 183.0992. Found: 183.0991. 
 
 
3-2. Absolute configuration of hetero Diels−Alder product of methoxydiene and ethyl glyoxylate.   
 
Transformation of optically active hetero Diels−Alder product (10a) to stereochemically known alcohol 
(11) (See reference [5]) 
 
 
    
To the solution of 10a (98% ee, 100.0 mg, 0.55 mmol) in Et2O (1.1 mL) was added LiAlH4 (83.5 mg, 2.2 
mmol) at 0 °C.  The resulting mixture was stirred at this temperature for 3 h.  The reaction mixture was 
dilluted with H2O (10 mL) and the aqueous layer was extracted with Et2O (20 mLx3).  The combined organic 
extracts were washed with brine, dried over Na2SO4 and concentrated under reduced pressure after filtration.  





Purification by silica gel column chromatography with elution by hexane:ethyl acetate (2:1) provided as 
colorless oil.  TLC Rf = 0.45 (2:1 hexane:ethyl acetate); [α]D
20
-67.5° (c = 1.45, C6H6); IR (ATR) 3420, 2884, 




H NMR (CDCl3, 500 MHz) δ 6.01-6.05 (m, 1H, CH), 5.74-5.76 (m, 1H, CH), 
4.89-4.90 (m, 1H, CH), 3.99-4.04 (m, 1H, CH), 3.72-3.77 (m, 1H, CH2), 3.60-3.64 (m, 1H, CH2), 3.44 (s, 3H, 
OCH3), 2.12-2.18 (m, 1H, CH2), 1.87-1.93 (m, 2H, CH2, OH); 
13
C NMR (CDCl3, 125.7 MHz) δ 128.5, 125.3, 
95.6, 66.9, 65.3, 55.2, 25.9; Anal. HRMS (ESI) Exact Mass Calcd for C7H12NaO3 (M+Na)
+







4. Stereoselective elaboration of dihydropyrans 
        
To the solution of 4f (45.6 mg, 0.11 mmol) in THF (2.2 mL) was added AcOH (12.5 μL, 0.22 mmol) and 
TBAF (1 M THF solution, 170 μL, 0.17 mmol) at 0 °C.  The resulting mixture was stirred at this temperature 
for 30 min.  The reaction mixture was quenched by NEt3, then dilluted with saturated NaHCO3 solution (10 
mL) and the aqueous layer was extracted with Et2O (20 mLx3).  The combined organic extracts were washed 
with brine, dried over Na2SO4 and concentrated under reduced pressure after filtration.  The residual crude 





Purification by silica gel column chromatography with elution by hexane:ethyl acetate (10:1) provided as 
white solid.  TLC Rf = 0.37 (4:1 hexane:ethyl acetate); [α]D
24
+37.9° (c = 0.71, CHCl3); IR (ATR) 2971, 2935, 




H NMR (CDCl3, 600 MHz) δ 7.55 (d, 1H, J = 7.2 Hz, Ar-H), 
7.20-7.25 (m, 2H, Ar-H), 7.10 (d, 1H, J = 7.2 Hz, Ar-H), 5.58 (d, 1H, J = 6.6 Hz, CH), 4.31 (q, 2H, J = 7.2 Hz, 
OCH2), 3.94 (d, 1H, J = 10.2 Hz, CH), 2.90-3.02 (m, 3H, CH, CH, CH2), 2.65 (dt, 1H, J = 17.4, 5.4 Hz, CH), 
2.27-2.32 (m, 1H, CH2), 1.86-1.91 (m, 1H, CH2), 1.35 (t, 3H, J = 7.2 Hz, CH3), 1.00 (d, 3H, J = 6.6 Hz, CH3); 
13
C NMR (CDCl3, 150.9 MHz) δ 207.6, 170.3, 138.0, 133.4, 129.1, 128.1, 127.7, 126.5, 76.9, 74.4, 61.5, 47.6, 
45.6, 26.0, 20.9, 14.2, 9.8; Anal. HRMS (ESI) Exact Mass Calcd for C17H20NaO4Si (M+Na)
+
: 311.1254. Found: 
311.1253.  
 
The obtained ketone S4 (99% ee, 18.9 mg, 0.066 mmol) was dissolved in MeOH (1.3 mL) and NaBH4 (7.45 
mg, 0.197 mmol) was added at -10 °C.  The resulting mixture was stirred at this temperature for 30 min.  The 
reaction mixture was dilluted with H2O (10 mL) and the aqueous layer was extracted with CH2Cl2 (20 mLx5).  
The combined organic extracts were washed with brine, dried over Na2SO4 and concentrated under reduced 








Purification by silica gel column chromatography with elution by hexane:ethyl acetate (2:1) provided as 
colorless oil.  TLC Rf = 0.55 (2:1 hexane:ethyl acetate); [α]D
23
-37.9° (c = 0.81, CHCl3); IR (ATR) 3461, 2978, 




H NMR (CDCl3, 600 MHz) δ 7.60 (d, 1H, J = 7.2 Hz, 
Ar-H), 7.20-7.25 (m, 2H, Ar-H), 7.12 (d, 1H, J = 7.2 Hz, Ar-H), 4.90 (d, 1H, J = 5.4 Hz, CH), 4.27-4.35 (m, 2H, 
OCH2), 4.23 (d, 1H, J = 6.6 Hz, CH), 4.00-4.02 (m, 1H, CH), 2.95 (dt, 1H, J = 16.2, 4.8 Hz, CH2), 2.64 (ddd, 1H, 
J = 16.2, 10.8, 5.4 Hz, CH2), 2.32-2.38 (m, 1H, CH), 2.16-2.20 (m, 1H, CH), 1.98-2.02 (m, 1H, CH2), 1.87-1.93 
(m, 1H, CH2), 1.51 (d, 3H, J = 7.8 Hz, OH), 1.37 (t, 3H, J = 7.2 Hz, CH3), 1.20 (d, 3H, J = 6.6 Hz, CH3); 
13
C 
NMR (CDCl3, 150.9 MHz) δ 172.2, 138.1, 135.2, 129.1, 128.5, 127.7, 126.3, 76.3, 71.3, 70.3, 61.1, 40.6, 36.3, 
29.1, 21.2, 14.6, 14.3; Anal. HRMS (ESI) Exact Mass Calcd for C17H22NaO4Si (M+Na)
+
: 313.1410. Found: 
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第 4 章 
 
キラルカルボン酸-リン酸触媒によるアミドジエンと非対称アゾ化合物との 
























Scheme 5-1. Chiral Phosphoric Acid-Governed Anti-Diastereoselective and Enantioselective 









 第 4 章では、合成したキラルブレンステッド酸のうち、キラルカルボン酸-リン酸について、
不斉触媒としての機能評価を行い、アミドジエンと非対称アゾ化合物との位置選択的、ジア




















Chiral Phosphoric Acid-Governed Anti-Diastereoselective and Enantioselective Hetero-Diels‒Alder 
Reaction of Glyoxylate 
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